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Asthma and Lower Airway Disease
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Abstract
Background: Allergy to dogs affects around 10% of the population in developed 
countries. Immune therapy of allergic patients with dog allergen extracts has shown 
limited therapeutic benefit.
Methods: We established a mouse model of dog allergy by repeatedly administering 
dog dander and epithelium extracts via the intranasal route. We also assessed the 
efficacy of a recombinant multimeric protein containing Can f 1, f 2, f 4 and f 6 in 
preventing inflammatory responses to dog extracts.
Results: Repeated inhalation of dog extracts induced infiltration of the airways by TH2 
cells, eosinophils and goblet cells, reminiscent of the house dust mite (HDM) model 
of asthma. Dog extracts also induced robust airway hyperresponsiveness and pro-
moted TH17 cell responses, which was associated with a high neutrophilic infiltration 
of the airways. scRNA-Seq analysis of T helper cells in the airways pinpointed a unique 
gene signature for TH17 cells. Analysis of T-cell receptors depicted a high frequency 
of clones that were shared between TH17, TH2 and suppressive Treg cells, indicative 
of a common differentiation trajectory for these subsets. Importantly, sublingual ad-
ministration of multimeric Can f 1-2-4-6 protein prior to sensitization reduced airway 
hyperresponsiveness and type 2-mediated inflammation in this model.
Conclusion: Dog allergen extracts induce robust TH2 and TH17 cell-mediated re-
sponses in mice. Recombinant Can f 1-2-4-6 can induce tolerance to complex dog al-
lergen extracts.
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1  |  INTRODUC TION

Asthma is a chronic inflammatory disorder of the airways affecting 
over 300 million people worldwide, leading to substantial mortality 
and loss of quality of life.1 Furthermore, the incidence of allergic air-
way disease is rising globally.2

A central player in the asthmatic and allergic response is the CD4+ 
T cell. CD4+ T cells respond to peptides presented in the context of 
MHC-II molecules. When activated by pathogens or allergens, CD4+ 
T cells differentiate into several functionally-distinct T helper (TH) 
cell subsets; TH1 cells secrete the cytokine interferon-gamma (IFN-γ) 
and promote immunity to viruses, TH2 cells secrete interleukin- (IL-) 
4, IL-5 and IL-13 and mediate helminth clearance, TH17 cells secrete 
IL-17 and promote immunity to fungi and Treg cells suppress inflam-
mation through various mechanisms.3 TH2 cells are known to drive 
several features of childhood-onset asthma including airway eosino-
philia, goblet cell hyperplasia and IgE secretion.4 However, roles for 
other TH cell subsets have also been proposed to impact on the de-
velopment of asthma.4,5 Adult-onset asthma, which is increasing in 
prevalence world-wide, is associated with higher levels of TH17 cells 
and neutrophils and is more resistant to corticosteroids.6

The only curative treatment available for allergic diseases is 
allergen-specific immunotherapy (AIT). Patients are administered 
allergen in low doses over a long period with the aim of develop-
ing immune tolerance.7 Tolerance is thought to be achieved by the 
induction of Treg cells, by decreasing the TH2 cell response and by 
increasing serum concentrations of allergen-specific IgG1, IgG4 
and IgA.8 While AIT is generally proposed as a strategy to confer 

tolerance to already sensitized individuals, prophylactic AIT has also 
been proposed as a strategy to combat the alarming rise in allergic 
disorders across the globe.9–11

Over the last few decades, antigens including ovalbumin and ex-
tracts from house dust mite, cat, peanut and fungi have been used 
to study allergic immune responses.12–16 It is clear that different al-
lergen extracts elicit distinct immune responses, with some inducing 
strong innate allergic responses and others inducing primarily adap-
tive immune responses. Furthermore, the quality of the T helper cell 
response induced by allergens has been found to vary. For instance, 
house dust mite induces a dominant TH2 cell response in mice, while 
Aspergillus versicolor induces strong TH17 responses side-by-side 
with TH2 cell responses.17,18

Dog allergens are found in dander, hair, saliva and urine and can 
easily become airborne.19,20 Eight dog allergens have been identified 
of which Can f 1, Can f 2, Can f 4 and Can f 6 are part of the lipo-
calin family, which share structural similarities with serum albumin 
proteins. Between 50 and 70% of dog-allergic people are sensitized 
to Can f 1, approximately 25% are sensitive to Can f 2, 35%–81% 
to Can f 4 and 38% to Can f 6.21–26 Members of the lipocalin super-
family can be found in all common mammalian allergen sources and 
have been proposed to promote TH2 cell responses and allergy.27 
Recently, we developed a recombinant multimeric molecule com-
prising all four known dog lipocalins and demonstrated its diagnostic 
efficacy and immunogenicity in animal studies.28 In this study, we 
characterize airway inflammation in mice administered dog allergen 
extracts and test the ability of a recombinant dog lipocalin multimer 
to induce immune tolerance.

G R A P H I C A L  A B S T R A C T
Intranasal administration of dog allergen extracts induces airway hyperresponsiveness and robust TH17 cell-driven neutrophilia. Single cell 
RNA-Sequencing pinpoints distinct gene expression signatures between canonical TH cell subsets and shows considerable clonal overlap 
between TH2, TH17, Treg and TFH cells. A recombinant multimer of lipocalin allergens (Can f 1-2-4-6) reduces TH2 cell responses and airway 
hyperresponsiveness when administered prophylactically.
Abbreviations: AHR, airway hyperresponsiveness; CCR6, C-C motif chemokine receptor 6; CXCR5, C-X-C chemokine receptor 5; EOS, 
eosinophil; IL, interleukin; NEU, neutrophil; Tfh, follicular T helper cell; Treg, regulatory T helper cell
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2  |  METHODS

2.1  |  Experimental animals

Wildtype C57BL/6J and Rag1−/− mice were bred and maintained 
at the Comparative Medicine animal facility located at Karolinska 
Institutet. Mice were 8–10 weeks old at the start of experiments 
and both female and male mice were used in experiments but only 
one gender was used per experiment. All mice were housed in in-
dividually ventilated cages with food and water ad lib and under 
specific pathogen-free conditions. Experiments were approved by 
Stockholms jordbruskverket (8971/2017 and 3649/2019).

2.2  |  Dog and house dust mite model

Mice were intranasally sensitized with 1 μg of house dust mite (HDM) 
(Greer, XBP70D3A lot 329779) extract in 40 μl PBS, 1 μg each of dog 
dander (Greer, XPE64D3A lot 338515 was used in all experiments, ex-
cept in Figure 4A, where lot 398826 was used) and dog epithelial extract 
(Greer, XPE7D3A lot 343971 was used in all experiments), referred to 
as dog allergen extracts, in 40 μl PBS or with PBS as control. One week 
after sensitization, mice were challenged with 5 daily administrations of 
10 μg of HDM in 40 μl PBS or 5 μg each of dog dander and dog epithelial 
extract in 40 μl PBS or with PBS as control. Mice were sacrificed and 
organs harvested on Day 15. Bronchoalveolar lavage was performed 
by cannulating the trachea and flushing out the airways with 2 × 1 ml 
PBS.29 In experiments aimed at quantifying airway neutrophilia, mice 
were challenged one additional time 3 h before sacrifice. All instillations 
were done under isoflurane anaesthesia. Recombinant anti-IL-17 (clone 
17F3) or control Ig (clone MOPC21) was injected i.p. at a dose of 500 μg 
each one day before final dog allergen extract challenge.

2.3  |  Flow cytometry

Flow cytometry was performed on a BD LSRII using combinations 
of the following antibodies: from BD: B220 (RA3-6B2), CD3 (145-
2C11), CD4 (RM4-5 and GK1.5), CD8 (53–6.7), CD44 (IM7), GR-1 
(RB6-8C5), IFN-γ (XMG1.2), IL-4 (11B11), IL-17 (TC11-18H10), 
Siglec-F (E50-2440) and CD16/32 (2.4G2); from Invitrogen: CD11c 
(N418), FOXP3 (FJK-16 s), IL-13 (ebio13A); from Biolegend: IL-5 
(TRFK5), TCRγδ (GL3), TCRβ (H57-597), Vγ1 (2.11), Vγ4 (UC3-10A6), 
Vδ6.3 (C504.17C). For intracellular staining, cells were fixed and 
permeabilized using the eBioscience FOXP3/Transcription factor 
staining buffer set from Invitrogen. PBS57-CD1d tetramers were 
obtained from the NIH Tetramer Core Facility.

2.4  |  Restimulation with phorbol 12-myristate 
13-acetate and ionomycin

For detection of cytokine-producing cells from the airways and lung 
tissue, cells were stimulated with phorbol 12-myristate 13-acetate 

(PMA) and ionomycin in the presence of Brefeldin A and/or 
Golgistop (containing Monensin, BD) for 3 h at 37°C and analysed 
by flow cytometry.

2.5  |  Restimulation of lymph node cells and 
quantification of cytokine production by cytometric 
bead array

2.5 × 105 cells from the mediastinal lymph node were cultured for 
2 days in IMDM medium and restimulated by either HDM (20 μg/ml), 
dog allergen extracts (20 μg/ml), Can f 1, Can f 2, Can f 3, Can f 4 or 
Can f 6 (10 μg/ml). The supernatant was collected and analysed with 
the BD™ cytometric bead array (CBA) Mouse Enhanced Sensitivity 
kit (BD). CBA samples were run on a CyAn™ ADP Analyzer (Beckman 
Coulter).

2.6  |  Quantification of endotoxin levels in 
allergen extracts

Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermofisher) 
was used to measure endotoxin content of HDM, dog dander and 
dog epithelium extracts.

2.7  |  ELISA

ELISA was performed by coating ELISA plates (nunc) either with 
unconjugated anti-IgE (R35-92, BD) allergen extracts (5 μg/ml) or 
recombinant Can f 1 (5 μg/ml). Plates were incubated at 4°C for 
12 h, washed with PBS and blocked with 2% milk in PBS. Serum 
was added in three-fold or five-fold serial dilution and incubated 
for 2 h at room temperature. Plates were washed and then incu-
bated for one hour with secondary antibody, either HRP coupled 
anti-IgG1 (SouthernBiotech) or biotin coupled anti-IgE (R35-72, 
BD) followed by streptavidin—HRP (Mabtech). TMB substrate 
(KPL) followed by H2SO4 were used to develop and stop the assay. 
The Asys Expert 96 ELISA reader (Biochrom) was used to read OD 
at 450 nm.

2.8  |  Histopathology

Lungs were fixed with 10% formalin for a minimum of 24 h before 
being embedded in paraffin. Periodic acid-Schiff-diastase (PAS-
D) and Haematoxylin and eosin (H&E) stains were performed. 
Complete airways in PAS-D stained lung sections were scored in 
a blinded fashion on a 0–4 point scale with points awarded based 
on the percentage of the airway covered by positively stained 
cells; 0 points for 0% of the airway affected, 1 point for 1%–25%, 
2 points for 26%–50%, 3 points for 51%–75% and 4 points for 
more than 75% PAS positive. 22–72 full airways were counted 
per mouse.
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2.9  |  Measurement of airway function

Mice were sensitized and challenged following the standard 
regimen with one additional challenge on Day 14. Animals were 
anaesthetized with 10  ml/kg i.p. mixture of hypnorm (Fentanyl 
0.315 mg/ml, fluanisone 10  mg/ml, VetaPharma), midazolam 
(5  mg/ml, hameln) and saline (Apoteket) in 1:1:2. After being 
tracheostomized and cannulated, mice were connected to the 
FlexiVent apparatus equipped with module 1 (SCIREQ) where ani-
mals were ventilated at respiratory rate of 150 breaths/min, tidal 
volume of 10 ml/kg and positive end expiratory pressure (PEEP) of 
3 cmH2O. Following stabilization, lung resistance was measured 
using forced oscillation technique (FOT) at baseline and under 
increasing concentrations of nebulized methacholine (Sigma). 
Respiratory mechanics parameters were calculated by flexiWare 
version 8 (SCIREQ) based on a single compartment model and 
constant phase model. These included total respiratory system re-
sistance (Rrs), elastance (Ers) calculated from single compartment 
model and Newtonian resistance (Rn), tissue damping (G) and tis-
sue elastance (H) from constant phase model.

2.10  |  RNA-seq of single T helper cells 
from the BAL

T helper cells were purified from the bronchoalveolar lavage of mice 
sensitized and challenged with dog allergen extracts. The BAL was 
kept cold and processed rapidly. Cells were stained for CD4, CD3, 
Siglec-F and B220. CD4+ CD3+ SiglecF− B220− cells were sorted 
into pure FCS using a BD FACSAria Fusion. Cells were washed and 
resuspended in cold PBS. Single cells were isolated with the droplet-
based microfluidic system Chromium (10x Genomics). Libraries were 
prepared by the Eukaryotic Single Cell Genomics national facility at 
SciLife Laboratory, Stockholm. Gene expression matrices were pre-
processed and filtered using Seurat v3.30,31 TCR frequencies and 
expression patterns were analysed and graphed with Loupe V(D)J 
Browser (10x Genomics) and by combining the barcodes and clus-
terfiles generated with Seurat v3. For each cluster, the clonotypes 
occurring in that cluster were counted. To visualize the distribution 
of counts in each cluster, ball-packing plots (Figure  6C) were cre-
ated using the Julia package APackOfTheClones (https://github.
com/Murre​llGro​up/APack​OfThe​Clones). To further represent these 
distributions, the clonotype counts in each cluster were ordered 
from highest to lowest and Lorenz curves plotted (Figure 6D). The 
co-occurrence of clonotypes between clusters is summarized by a 
plot of pairwise correlations of square-root-transformed counts of 
all clonotypes (Figure 6E).

2.11  |  Sublingual immunotherapy

Mice were anaesthetized with isoflurane and administered either 
10  μg of Can f 1-2-4-6 protein28 in 20 μl PBS or PBS as control 

sublingually three times per week for four weeks before the stand-
ard intranasal allergen instillations.

2.12  |  Dexamethasone treatment

To test for corticosteroid resistance mice were injected either with 
1 mg/kg dexamethasone intraperitoneal daily from Day 7 to 14 after 
sensitization or with PBS as control.

2.13  |  Quantification and statistical analysis

Nonparametric Mann–Whitney U test was used to compare two 
groups. For multiple comparisons, one-way analysis of variance 
(ANOVA) and Bonferroni's test were used. In Figure 1, to compare 
AHR of mice administered HDM or dog allergen extracts to PBS 
control mice, ANOVA and Dunnett's multiple comparisons test were 
used. *p < .05, **p < .01, ***p < .001, ****p < .0001.

3  |  RESULTS

3.1  |  Intranasal administration of dog allergen 
extracts leads to immune cell infiltration of 
the airways, goblet cell hyperplasia and airway 
hyperresponsiveness

In line with protocols for HDM instillation,32 1 μg each of dog dander 
and epithelium extract was administered i.n. to sensitize mice fol-
lowed by five daily administrations of 5  μg of each extract (10 μg 
total) on Days 7–11. On Day 15, mice were sacrificed and ana-
lysed for signs of airway and lung tissue inflammation (Figure 1A). 
Instillations with HDM and dog allergen extracts led to a compara-
ble influx of cells into the airways (Figure 1B), hallmarked by a high 
number of eosinophils (Figures 1C and S1A for gating). The number 
of alveolar macrophages in the lavage was not significantly differ-
ent between mice after HDM, dog allergen extracts or PBS instil-
lation (Figure 1D). Significantly greater neutrophil infiltration of the 
airways was observed in mice administered dog allergens compared 
with those administered HDM (Figure 1E). B cell numbers in the lav-
age were comparable between mice administered dog allergen or 
HDM extracts (Figure  1F), whereas more T cells were present in 
the airways of mice administered dog allergen extracts (Figure 1G). 
Haematoxylin and eosin (H&E) staining showed inflammation in the 
lung and a thickening of the basement membrane and smooth mus-
cle cell layer surrounding the airways (Figure S1B). Lungs of HDM 
and dog allergen extract-administered mice showed signs of goblet 
cell hyperplasia and mucus production (Figure  1H,I). Furthermore, 
dog allergen extract-sensitized and -challenged mice had higher lev-
els of total airway resistance (Rrs) and elastance (Ers) when com-
pared with mice administered PBS, reacting more strongly at most 
doses of methacholine (Figure 1J,K). Newtonian resistance (Rn) was 

https://github.com/MurrellGroup/APackOfTheClones
https://github.com/MurrellGroup/APackOfTheClones
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increased in both HDM or dog allergen extract-administered mice 
compared with control mice (Figure 1L). Thus, intranasal administra-
tion of dog allergen extracts induced signs of allergic airway inflam-
mation reminiscent of that seen after instillation of HDM.

3.2  |  Dog allergen extract induces 
differentiation of TH2 and TH17 cells and 
promotes a dual eosinophilic and neutrophilic 
infiltration of the airways

To investigate the role of adaptive immunity for the inflammatory 
response to dog allergens, we administered dog allergen extracts 
to Rag1−/− mice. This failed to induce appreciable airway eosino-
philia or neutrophilia, such as that seen in WT mice (Figure  2A). 
Administration of either HDM or dog allergens to WT mice led to 
increased numbers of effector (CD44+) CD4+ and CD8+ T cells in 
the airways and increased proportions of Treg cells (% Foxp3+ of 
CD4+ cells) in the lungs (Figures 2B,C and S2A). Cytokine production 

was measured after stimulating airway or lung tissue cells with PMA 
and ionomycin for 3 hours. In the airways, T helper cells express-
ing IL-5, IL-13 and IFN-γ were prominent in mice administered dog 
allergen extracts, comparable with the frequency in mice adminis-
tered HDM (Figure 2D). In mice administered dog allergen extracts, 
a significantly higher proportion of cells produced IL-17 compared 
with HDM-sensitized and HDM-challenged mice (Figure 2D). CD4+ 
T cells from the lung showed a similar pattern of cytokine expres-
sion, with the highest frequencies of IL-17-producing cells observed 
in dog-sensitized and dog-challenged mice (Figure 2E). In compari-
son, CD8+ T cells in the airways produced IFN-γ but not IL-5, IL-13 
or IL-17 (Figure S2B). To determine whether NKT and γδ T cells may 
also contribute to the response to dog allergen extracts, these cells 
were enumerated (Figure S3). NKT cell numbers in the lung paren-
chyma were not altered in mice administered either HDM or dog 
allergens (Figure S3A). However, the frequency of γδ T cells in the 
lung was increased after dog allergen instillation and moreover, a 
specific increase in the frequency of Vγ4+ γδ T cells was observed 
(Figure S3B). In line with the elevated frequency of Vγ4+ γδ T cells 

F I G U R E  1  Intranasal administration of dog allergen extracts leads to airway inflammation and airway hyperresponsiveness. (A) Regimen 
of intranasal administration of PBS (open square), HDM (blue square) or dog allergen extracts (red circle). (B–G) PBS n = 8, HDM n = 16, dog 
allergen extracts n = 14. (B) Total number of cells in the BAL. (C) Number of eosinophils in the BAL. (D) Number of alveolar macrophages 
in the BAL. (E) Number of neutrophils in the BAL. (F) Number of B cells in the BAL. (G) Number of T cells in the BAL. (H) Periodic acid-
Schiff-diastase staining of lung sections (line = 200 μm). (I) Mean airway score of lung sections (n = 4 per group). (J–L) Airway resistance to 
increasing doses of methacholine as measured by FlexiVent (PBS n = 6, HDM n = 6, dog allergen extracts n = 7). (J) Overall resistance Rrs. 
(K) Elastance Ers. (L) Newtonian resistance Rn. Red stars indicate a comparison between dog and PBS, while blue stars indicate a comparison 
between HDM and PBS. In (B–I), One-way ANOVA with Bonferroni's post-test was performed. In (J–L), One-way ANOVA and Dunnett's test 
was used to compare dog- or HDM-challenged mice to PBS

(A) (B)

(F)

(J) (K) (L)

(G) (H) (I)

(C) (D) (E)
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in the lung, γδ T cells in the airways were capable of producing IL-17 
(Figure S3C).

High endotoxin levels have been reported to promote a strong 
TH17 response in murine asthma models.33–35 While both HDM 
and dog allergen extracts contained endotoxin, the levels in the 
dog dander extracts were around two orders of magnitude higher 
than in the HDM extract and about 17-fold higher in dog epithelium 
extract compared with HDM extract (Figure S4A). Administration 
of dog epithelium or dander allergen extracts separately, induced 

inflammation in the airways that was characterized by airway eo-
sinophilia and Th2, Th1 and Th17 cell cytokine production in the 
airways and lung tissue. Although extracts of dander appeared to 
induce more inflammation, epithelial extracts also promoted con-
siderable inflammation and Th17 cell differentiation (Figure S4B–
D). The abundance of Can f 1, Can f 2, Can f 3 and Can f 6 in each 
extract was also quantified, with dander containing the highest 
levels of Can f 1, Can f 2 and Can f 6, while Can f 3 was highly 
abundant in both extracts (Figure S4E).

F I G U R E  2  Intranasal administration of dog allergen extracts induces differentiation of both TH2 and TH17 cells. (A) PBS (open square), 
HDM (blue square) or dog allergen extracts (red circle) were administered to C57Bl6/J mice and the number of eosinophils and neutrophils 
was quantified (C57Bl6/J PBS n = 3, C57Bl6/J dog n = 3, Rag1−/− dog n = 4). (B) Number of CD4+ CD44+ cells in the BAL (PBS n = 5, 
HDM = 12, dog allergen extracts n = 11). (C) Graphs of frequency of Foxp3+ cells among total CD4+ cells from the BAL, lung and mLN 
(BAL: HDM = 8, dog allergen extracts n = 8; lung and mLN PBS n = 8, HDM = 13, dog allergen extracts n = 11). (D) Graphs of the frequency 
of IL-5+ IL-13+, IL-17+ and IFN-γ+ cells among total CD4+ cells from the BAL (HDM = 14, dog allergen extracts n = 14). (E) Graphs of the 
frequency of IL-5+ IL-13+, IL-17+ and IFN-γ+ cells among total CD4+ cells from the lung (PBS n = 3, HDM = 8, dog allergen extracts n = 6). 
(F) ELISAs were performed on the serum of mice. Dog allergen-specific and HDM-specific IgG1 and total IgE graphs are the representative 
of 3 experiments (PBS n = 3, HDM = 5, dog allergen extracts n = 3). Can f 1-specific IgG1 and IgE was also tested at a 1:3 dilution (PBS 
n = 4, HDM = 4, dog allergen extracts n = 4). (G) Regimen of intranasal administration with one additional challenge on day fifteen, three 
hours before harvesting organs, number of neutrophils from the BAL (PBS n = 5, HDM = 9, dog allergen extracts n = 9). N.D. Denotes 
not determined due to low cell numbers. One-way ANOVA with Bonferroni's post-test was performed except to compare frequencies of 
cytokine+ cells in the airways, where Mann–Whitney U test was used *p < .05, p < .01, ***p < .001, ****p < .0001

(A)

(D)

(F) (G)

(E)

(B) (C)
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We also analysed serum antibody levels by ELISA. Mice adminis-
tered HDM or dog allergens showed high levels of allergen-specific 
IgG1 antibodies (Figure 2F) and showed comparable levels of total 
IgE in serum. Whole dog allergen extract-specific IgE was not de-
tected in the serum of mice (not shown), potentially due to competi-
tion from IgG1, as has been previously described.36 However, IgG1 
and IgE specific for Can f 1 was detected from the serum of mice 
administered dog allergen extracts (Figure 2F).

TH17 cell responses have been linked to the recruitment of neu-
trophils. Since neutrophils are typically recruited rapidly to sites of 
inflammation, we challenged mice an additional time on Day 15, 
three hours before sacrifice. Challenge on Day 15 with dog aller-
gens markedly increased the infiltration of neutrophils into the air-
ways, in a manner not observed with HDM (Figure 2G). In all, dog 
allergen extracts induce strong type 2- and type 17-mediated air-
way inflammation marked by airway eosinophilia and neutrophilia, 
goblet cell hyperplasia, airway hyperresponsiveness and IgG1/IgE 
production.

3.3  |  Restimulation of lymph node cells with dog 
allergen extracts leads to the production of IL-13, IL-
5, IL-10, IL-17 and IFN-γ

To investigate the specificity of cytokine production in response 
to dog allergens, we restimulated mediastinal lymph node cells 
from mice administered PBS, HDM or dog allergen extracts for 
48 h in the presence of allergen extracts or recombinant Can f 1 
or Can f 2 (Figure 3A–E). HDM and dog allergen extracts induced 
comparable IL-13, IL-5 and IL-10 production in lymph node cell 
cultures from mice that had been sensitized and challenged with 
the respective allergen (Figure  3A–C). Only cells from mice ad-
ministered dog allergen extracts produced high levels of IL-17 and 
IFN-γ (Figure 3D,E), whereas lymphocytes from mice administered 
HDM produced very little of these cytokines. Recombinant Can f 
1 appeared to induce some production of IL-5, IL-13 and IL-10 but 
this was significantly less than that induced by whole dog allergen 
extracts (Figure 3A–C).

3.4  |  Airway neutrophilia in 
response to dog allergen extract administration is 
dependent on IL-17

To test whether neutrophil recruitment into the lung and airways 
was dependent on the cytokine IL-17, we administered 500 μg anti-
IL-17 (clone 17F3) or isotype control antibody (clone MOPC21) one 
day before the final challenge. Blockade of IL-17 significantly re-
duced the number of airway and lung tissue neutrophils (Figure 4A), 
suggesting that dog allergen extracts induced neutrophil recruit-
ment in an IL-17-dependent manner.

3.4.1  |  Dexamethasone reduces airway 
eosinophilia and cytokine production but not airway 
neutrophilia

To test the effect of corticosteroids on dog allergen-induced airway 
inflammation, we administered dexamethasone daily from the first 
day of allergen challenge up to one day before sacrifice (Day 7 to 
Day 14, Figure 4B). Mice were administered an additional dose of 
allergen three hours before sacrifice. Dexamethasone reduced the 
overall number of airway-infiltrating cells including B and effector 
T helper cells but did not significantly reduce the number of airway 
neutrophils following exposure to dog allergen extracts (Figure 4C–
G). Dexamethasone administration appeared to reduce TH2 and 
TH17 cytokine-producing cells in the lungs of mice administered 
HDM or dog allergen extracts respectively (Figure 4H,I). γδ T cells 
were also reduced in the airways of mice administered dexametha-
sone (Figure S3C). Thus, corticosteroid treatment was effective in 
reducing several parameters of airway inflammation in response to 
dog allergen extracts but failed to reduce airway neutrophilia.

3.5  |  Single cell RNA-Sequencing reveals several 
distinct T helper cell clusters in the BAL

We next analysed CD3+CD4+ cells from the airways of mice ad-
ministered dog allergen extracts by Single cell RNA-Sequencing 
(scRNA-Seq). Unsupervised hierarchical clustering and visualization 
of 5489 cells identified 8 distinct clusters (Figure 5A,B). The majority 
of cells expressed transcripts for Cd3e, Cd3g and Cd3d (Figure 5C), 
while Cd4 was also detected at reasonable levels. Several clusters 
could be identified based on the expression of genes with previously 
described functions. Cluster 7 expressed mRNAs characteristic of 
naïve CD4+ T cells such as Sell and Ccr7. Cluster 4 expressed Foxp3, 
Ctla4 and other genes typical of Treg cells. Clusters 1 and 5 could 
be identified as TH17 and TH2 cells, respectively, based on the ex-
pression of cytokines, transcription factors and surface markers 
(Figure  5C,D,F and Table  S1). For instance, cells in cluster 1 were 
highly enriched for the expression of Il17a, Ccr6 and Rorc mRNA 
(Figure 5C,D). Cluster 1 cells also expressed the gene for the IL17C 
receptor Il17re. IL-17C:IL17RE interactions have previously been 
shown to be required for the development of experimental autoim-
mune encephalomyelitis and to promote TH17 responses by induc-
ing expression of IκBζ.37 Other genes highly expressed in cluster 1 
included Sdc4, Smox, Aqp3, Ramp1 and Tmem176a (Figure 5D). Gene 
ontology (GO) analysis identified several enriched molecular pro-
cesses in TH17 cells related to ribonucleotide metabolic processes 
and hypoxia (Figure 5E).

Cells in cluster 5 resembled TH2 cells and expressed classical TH2 
cell-associated genes including Gata3, Il1rl1, Il5 and Il13 (Figures 5F, 
S5B and Table S1). Several genes that have recently been reported to 
be highly expressed in TH2 cells in the HDM model,17 such as Plac8, 



2994  |    STARK et al.

Zcchc10, Cd200r1 and Il6 were also found to be enriched in the TH2 
cluster in this model (Figure 5F and Table S1). GO analysis identified 
regulation of apoptotic pathways, type 2 immune response and reg-
ulation of lipid metabolism as enriched molecular processes in TH2 
cells (Figure  5G), in line with molecular processes enriched in the 
HDM model.17 When the gene transcription profile of TH2 cells in 
this model was compared with that generated to HDM allergens, 
a high overlap was observed (Figure 5H). Furthermore, TH2 cells in 
the airways were enriched for the expression of genes related to 
fatty acid oxidation (Figure 5H), as they were in response to HDM. 
This suggests that TH2 cells generated in the HDM and dog allergen 
extract models have a high degree of similarity, despite large differ-
ences in the levels of endotoxin between these extracts.

Cluster 8 cells (Act4) expressed genes typically associated with 
Tfh cells, including Tox2, Il21, Bcl6 and Cxcr5. Gene set enrichment 
confirmed that these cells were significantly enriched for markers 
typically associated with germinal centre Tfh cells (Figure S5A).

Cells in cluster 6 (Act3) appeared to express some genes of re-
cently described CD4+ CTL including Ccl5, Gzmk, Ly6c2, Nkg7 and 
Tbx21 (Figure  5C and Table  S1). This cluster was not specifically 

enriched for Ifng mRNA expression (Figure S5B). Whether these cells 
have true cytotoxic potential is unclear.

Expression of Ifng, Il13 and Foxp3 was also observed in the TH17 
cell cluster to some extent (Figure S5B). We thus analysed the co-
expression of TH1, TH2, TH17 and Treg cell-associated cytokines/
transcription factors by flow cytometry. This depicted a significantly 
higher percentage of IL-17+ IFN-γ+ expressing T helper effector cells 
in mice administered dog allergen extracts compared with those ad-
ministered HDM (Figure  S5C), although IL-17+ cells co-expressing 
Foxp3, IL-5 or IL-13 were not significantly increased in these mice. 
Thus, T helper cells from mice administered dog allergens exhibit 
greater breadth in cytokine production compared with cells from 
mice administered HDM.

Taken together, scRNA-Seq reveals exquisite gene expression 
profiles for several T helper cell populations responding to dog aller-
gen extracts. This depicts a highly conserved transcriptional profile 
for TH2 cells between the HDM and dog allergen extract models, but 
also pinpoints several cell clusters that are enriched in the airways 
of mice exposed to dog allergen extracts, including TH17, Tfh and a 
putative CD4+ CTL population.

F I G U R E  3  Mixed TH2/TH17 cytokine response is induced by dog allergen extracts. (A–E) Concentration of the indicated cytokine in 
supernatant from mediastinal lymph node cell cultures after 48 h. Cells from mice administered PBS n = 2 (white), HDM n = 3 (blue), dog 
allergen extracts n = 3 (red) were restimulated with PBS, HDM, dog allergen extracts, Can f 1 or Can f 2. (A) IL-13. (B) IL-5. (C) IL-10. (D) 
IFN-γ. (E) IL-17. One representative of two independent experiments is shown. One-way ANOVA with Bonferroni's post-test was performed 
to compare the responses between PBS, HDM, Dog, Can f 1 and Can f 2, *p < .05, p < .01, ***p < .001, ****p < .0001

(A) (B)

(D) (E)

(C)
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3.6  |  T-cell antigen receptor (TCR) analysis depicts 
a high frequency of shared clones between TH17, 
TH2 and Treg cells

TCRs were also sequenced from single cells isolated from the air-
ways of mice administered dog allergen extracts. Productive α/β 
chains were called in most single cells analysed and 1716 different 
clonotypes could be identified. The most common TCR detected 
was found in around 4% of cells (Figure 6A). There was no indication 
that the response was biased toward specific TCR α or β chains since 
the most common TRAV was detected in 3% of cells and the most 
common TRBV in around 6% of cells (Figure 6B). We plotted the clo-
notype size distribution onto the UMAP,38 which depicted obvious 
clonal outgrowths in several clusters including the TH17, TH2, Treg 
clusters and in clusters Act1 and Act2 (Figure  6C). The cluster of 
naïve CD4+ T cells, which makes up around 5% of airway infiltrating 
cells, was the most diverse, with each cell expressing a distinct TCR. 

In the Th17, Th2 and Act1 clusters, large clonal outgrowths were 
observed with 20% of clones accounting for approximately 65% of 
the total cells in the cluster (Figure 6D). Correlation analysis showed 
that the clonal composition of most clusters overlapped, with the 
exception of naïve cells, which was composed entirely of unique 
clones, and Act3 (putative CD4+ CTL), which also appeared clon-
ally distinct (Figure 6E). This suggests that CD4+ CTL may follow a 
distinct differentiation trajectory to cells in other effector clusters. 
Intriguingly, considerable clonal overlap was observed between the 
Treg cell cluster and other effector clusters. This indicates that many 
Treg cells may be ‘induced’ from naïve CD4+ T cells (so-called iTreg) 
in response to dog allergens, or that thymic Treg cells transdiffer-
entiate into other effector subsets after activation. A high degree 
of overlap was also observed between Th2 cells, Th17, Act1, Act2 
and Act4 cells, indicative of a shared differentiation trajectory. Thus, 
analysis of TCR clonality indicates patterns of shared and restricted 
clonality between transcriptionally distinct subsets.

F I G U R E  4  Dexamethasone reduces airway inflammation after administration of dog allergen extracts. (A) Regimen of intranasal allergen 
challenge with intraperitoneal anti-IL-17 or control Ig (500 μg each) administration. Levels of airway and lung tissue neutrophils are shown, 
n = 5 mice in each group. (B) Regimen of intranasal allergen challenge with intraperitoneal dexamethasone/vehicle control administration: 
PBS i.n. vehicle i.p. n = 4 (open square), PBS i.n. dexamethasone i.p. n = 4 (open circle), HDM i.n. vehicle i.p. n = 8 (blue square), HDM i.n. 
dexamethasone i.p. n = 8 (open blue triangle), dog i.n. vehicle i.p. n = 8 (red circle), or dog i.n. dexamethasone i.p. n = 8 (open red triangle). 
(C) Total number of cells in the BAL. (D) Number of eosinophils in the BAL. (E) Number of neutrophils in the BAL. (F) Number of B cells in the 
BAL. (G) Number of effector T helper cells in the BAL. (H) Number of IL-5+ IL-13+ T helper cells in the lung. (I) Number of IL-17+ T helper cells. 
One-way ANOVA with Bonferroni's post-test was performed to adjust for multiple comparisons. *p < .05, p < .01, ***p < .001, ****p < .0001
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3.7  |  Prophylactic administration of recombinant 
multimeric dog allergens ameliorates airway 
hyperresponsiveness and TH2 cell responses to dog 
allergen extracts

Several clinical trials have explored the use of dog allergen ex-
tracts in AIT. These trials have had mixed results, partially attrib-
uted to varying quality and composition of allergen extracts.39 
The use of recombinant allergen proteins has been proposed as an 
alternative to whole allergen extracts.10,40 We analysed whether 
sublingual administration of multimeric Can f 1-2-4-6 protein 
could induce tolerance to dog allergen extracts if administered 
prior to sensitization. We administered mice three sublingual chal-
lenges per week for four weeks of the recombinant Can f 1-2-4-6 

protein and thereafter, subjected mice to the dog allergen model 
over 15 days (Figure 7A). Can f 1-2-4-6 significantly reduced the 
total number of cells infiltrating the airways, in particular of eo-
sinophils, whereas the number of T helper cells in the lavage was 
not significantly reduced (Figure 7B–D). Mice administered Can f 
1-2-4-6 had a higher frequency of Foxp3+ Treg cells in the lung, 
although the mean fluorescence intensity of Foxp3 in Treg was not 
significantly different across conditions (Figure 7E). Recombinant 
Can f 1-2-4-6 strongly reduced proportions of TH2 cytokine-
producing cells in the airways and lung tissue and concomitantly 
increased the proportions of TH1 and TH17 cytokine-producing 
cells (Figure  7F). Can f 1-2-4-6, however, appeared to have lit-
tle impact on the frequency of IL-17-producing CD4+ T cells and 
even significantly increased the frequency of IFN-γ+ CD4+ T cells 
(Figure 7F). Culture of lymphocytes from mediastinal lymph nodes 

F I G U R E  5  Analysis of T helper cells by scRNA-Seq identifies several distinct subsets including a prominent TH17 cell cluster. (A) UMAP 
representation of 5489 single TH cells from the airways of a mouse administered dog allergen extracts. (B) Heatmap of top 10 differentially 
expressed genes in each cluster. (C) DotPlot of expression of key genes across all clusters. Clusters were assigned the following identities: 
Cluster 1: TH17, Cluster 2: activated cells (Act)1, Cluster 3: Act2, Cluster 4: Treg, Cluster 5: TH2, Cluster 6: Act3, Cluster 7: naïve, Cluster 
8: Act4. (D) Violin plots of significant genes for the TH17 (1) cluster. (E) DotPlot showing gene ontology of biological processes in the TH17 
(1) cluster. (F) Violin plots of significant genes for the TH2 (5) cluster. (G) DotPlot showing gene ontology of biological processes in the TH2 
(5) cluster. (H) Gene set enrichment analysis of the Th2 cell cluster (5) for genes enriched in Th2 cells in the HDM model17 and for genes 
involved in fatty acid oxidation

F I G U R E  6  scRNA-Seq of airway TH cells pinpoints large clonal outgrowths and a shared differentiation trajectory for TH17, TH2, Treg and 
other activated TH cell clusters. Side-by-side with a 5′ gene transcription library (Figure 5), a VDJ library was amplified and sequenced on TH 
cells isolated from the airways of mice. (A) The frequency of the top 100 expressed TCRs is shown. (B) The frequency of V gene usage across 
the TRAV and TRBV gene loci. (C) Clonotype count distributions. Each ball corresponds to a clonotype in the given cluster, with the size of 
the ball proportional to the number of cells of that clone within the cluster. The clusters are placed in similar positions to the UMAP plot 
(Figure 5A). (D) Lorenz curves, plotting the proportion of clonotypes against the proportion of cells in a cluster. (E) Correlation matrix of the 
number of cells expressing each TCR between each pair of clusters, after a variance stabilizing square root transformation

(A)

(C) (D) (E)

(B)
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F I G U R E  7  Sublingual administration of Can f 1-2-4-6 ameliorates AHR and TH2 but not TH17 cell responses to dog allergen extracts. 
(A) Mice were sublingually administered either PBS or Can f 1-2-4-6 protein 3 times per week for four weeks followed by i.n. sensitization 
with either PBS or dog allergen extracts (1 μg) on day 28 and 5 i.n. challenges (10 μg total) on days 35–39, mice were sacrificed on day 43; 
PBS sublingual, PBS i.n. (open square, B–F n = 8), PBS sublingual, dog allergen extracts (red circle, B–F n = 10), Can f 1-2-4-6 sublingual, dog 
allergen extracts (open purple triangle, B–F n = 11). (B) Total number of cells in the BAL. (C) Number of eosinophils in the BAL. (D) Number 
of T cells in the BAL. (E) Frequency of Foxp3+ cells among total CD4+ cells and mean fluorescence intensity (MFI) of Foxp3 expression on 
gated Treg cells from the BAL, lung and mLN. (F) Frequency of IL-5+ IL-13+,IL-4+, IL-17+ and IFN-γ+ cells among total CD4+ cells from the BAL 
and lung tissue. (G–I) Airway resistance to increasing doses of methacholine as measured by FlexiVent (PBS sublingual, PBS i.n. n = 6, PBS 
sublingual, dog allergen extracts n = 10, Can f 1-2-4-6 sublingual, dog allergen extracts n = 10). (G) Overall resistance Rrs. (H) Elastance Ers. 
(I) Newtonian resistance Rn. (J) Dog allergen-specific serum IgG1 and total serum IgE ELISA representative of 3 experiments (PBS sublingual, 
PBS i.n. n = 3, PBS sublingual, dog allergen extracts = 5, Can f 1-2-4-6 sublingual, dog allergen extracts n = 4). Can f 1-specific IgG1 (various 
dilutions) and IgE (1:3 dilution) was also measured (PBS sublingual, PBS i.n. n = 5, PBS sublingual, dog allergen extracts = 6, Can f 1-2-4-6 
sublingual, dog allergen extracts n = 7). (K) Number of neutrophils in the BAL (PBS sublingual, PBS i.n. n = 5, PBS sublingual, dog allergen 
extracts n = 5, Can f 1-2-4-6 sublingual, dog allergen extracts n = 5). N.D. Denotes not determined. One-way ANOVA with Bonferroni's 
post-test was performed to adjust for multiple comparisons. *p < .05, p < .01, ***p < .001, ****p < .0001
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showed that mice administered Can f 1-2-4-6 multimer produced 
less IL-5, IL-13 and IL-10 in response to whole dog allergen extracts 
(Figure S6). Lymphocytes from mice administered only dog aller-
gen extracts produced significant quantities of IL-5 in response to 
Can f 1, but this was reduced when mice were administered Can 
f 1-2-4-6 multimer prior to sensitization (Figure S6B). In contrast, 
IL-17 and IFN-γ secretion was significantly enhanced in cells from 
mice administered Can f 1-2-4-6 (Figure S6D,E).

We next tested whether Can f 1-2-4-6 could reduce airway hy-
perresponsiveness in mice sensitized and challenged with dog aller-
gen extracts. Mice administered Can f 1-2-4-6 exhibited reduced 
overall airway resistance, elastance and Newtonian resistance com-
pared with mice receiving sublingual PBS (Figure 7G–I). Mice admin-
istered sublingual recombinant Can f 1-2-4-6 also exhibited much 
higher titres of dog allergen extract- and Can f 1-specific IgG1 in 
serum, compared to mice that received sublingual PBS (Figure 7J). A 
significant reduction in total serum IgE was observed in mice admin-
istered sublingual Can f 1-2-4-6 protein, although Can f 1-specific 
IgE was not significantly reduced (Figure 7J). Moreover, mice admin-
istered Can f 1-2-4-6 developed an even stronger infiltration of neu-
trophils into the airways (Figure 7K) compared with mice that had 
received PBS.

Taken together, this study demonstrates that whole dog aller-
gen extracts induce a robust TH2/TH17-associated inflammation of 
the airways where Can f 1 in particular induces robust T- and B-cell 
responses. In addition, prophylactic administration of recombinant 
multimeric Can f 1-2-4-6 reduced AHR and TH2 cell-driven re-
sponses to dog allergen extracts but did not reduce TH17 cell-driven 
neutrophilia.

4  |  DISCUSSION

This study demonstrates that dog allergen extracts induce airway 
hyperresponsiveness and inflammation marked by a mixed TH2/
TH17 cell response, eosinophilia and neutrophilia in a mouse model 
of asthma. A similarly mixed TH cell profile in response to dog al-
lergens was also recently observed in one other study.41 A model 
using OVA in conjunction with Chlamydia muridarum infection dem-
onstrated a strong TH1/TH17 response and airway neutrophilia, but 
did not result in high levels of airway eosinophilia.42 Another model 
using HDM and β-glucan reported high levels of both eosinophils 
and neutrophils in the BAL and a mixed TH2/TH17 response, dem-
onstrating how fungal components can skew the immune response 
even without previous exposure.18 Whether fungal components are 
present in the dog allergen extracts will need to be explored. We 
previously reported that dog allergen composition differed greatly 
in extracts from different vendors.43 In an analysis of HDM extracts, 
the composition of allergens, proteolytic activity and endotoxin con-
tent differed substantially between vendors and impacted on the 
type of inflammation induced in mice.44 Allergen composition also 
affects the ability of extracts to compromise epithelial barrier in-
tegrity.45 The precise components responsible for the inflammatory 

response triggered by dog allergen extracts should be analysed in 
future experiments.

This model of airway inflammation induced by dog allergen ex-
tracts may more closely resemble severe types of asthma, in which 
patients have been shown to have higher levels of TH1/TH17 cells 
and increased airway neutrophilia.6 Indeed, neutrophilia in response 
to dog allergen extract instillation appeared to be dependent on 
IL-17. While some studies suggest that TH17 cells are resistant to 
corticosteroids and thus, can continue to promote neutrophilic in-
flammation in the face of corticosteroid treatment,46 dexametha-
sone significantly dampened TH17 and gamma delta cell responses 
to dog allergen extracts, without greatly impairing the neutrophilic 
response. This could reflect the ability of corticosteroids to prolong 
the lifespan of neutrophils directly.47

A central tenet of allergic models of airway inflammation and 
atopic asthma is the induction of IgE. Administration of dog allergen 
extracts induced total serum IgE levels similar to HDM, and serum 
IgE specific to Can f 1 was detected in mice administered dog al-
lergen extracts. As observed previously, allergen-specific IgE was 
detected at much lower levels than IgG1, a frequent observation in 
mouse models.36 Depletion of IgG1 may be a solution that promotes 
the detection of IgE in more robust assays, although the magnitude 
of IgG1 responses makes this a difficult task.

In line with what we and others have shown previously, scRNA-
Seq can be used to profile diverse T helper cell responses.17 scRNA-
Seq defined distinct cell clusters including TH2 and Treg cells, whose 
gene expression profiles largely matched previously published data 
from the HDM model.17 Several clusters pinpointed in this analysis 
contrasted from our previous analysis of the HDM model. In partic-
ular, a cluster of TH17 cells, which was not elucidated in response 
to HDM was apparent in response to dog allergens. Many known 
and potentially novel regulators of TH17 cells were identified, which 
could serve as targets to block TH17 cell-associated inflammation. 
The expression of these genes will need to be confirmed by analysis 
of TH17 cells in human asthma. One intriguing target may be the IL-
17C receptor, IL-17RE. Both IL-17C and IL-17RE have been described 
to be expressed by epithelial cells, regulating the epithelial immune 
response in an autocrine manner.48 An antibody binding to IL-17C 
and thereby inhibiting receptor binding has been shown to ame-
liorate disease in mouse models of psoriasis and atopic dermatitis 
(AD).49

The elucidation of a cell cluster that appeared to resemble Tfh 
cells was also in contrast to results from the HDM model. Although 
IL-21-producing cells in the lung tissue and airways have been shown 
to be a feature of HDM-induced inflammation,5 those cells did not 
appear to express canonical Tfh cell markers such as Bcl6 and Cxcr5. 
Given that the cells profiled herein come from the airways, this in-
dicates that administration of dog allergen extracts may induce 
bronchus-associated lymphoid tissue (BALT).41,50 BALT formation 
may be due to presence of higher levels of endotoxin in dog allergen 
extracts. Since pets are known to contribute significantly to house-
hold endotoxin levels,51,52 Tfh cells and BALT may be a feature of 
pet-allergic asthmatics.
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scRNA-seq also highlighted the plasticity of T helper cells by 
showing co-expression of key cytokines and/or Foxp3 between 
TH17, TH2, TH1 and Treg cells. This plasticity was also evident in the 
frequency of TCR clones shared between TH17, TH2 cells and Treg 
cells. TH2/TH17 dual positive cells have been found in BAL fluid of 
patients with severe asthma.53,54 While the model herein model 
used whole allergen extracts as opposed to purified proteins, there 
was still a strong clonal response in T helper cells. This indicates that 
even when mice are exposed to whole extracts, T cells only react to 
a limited number of antigenic peptides. We noted that of the recom-
binant allergens tested in lymphocyte restimulation cultures, only 
Can f 1 appeared to induce cytokine production from T cells, but 
this was considerably less than that induced by whole dog allergen 
extracts. It is possible that non-lipocalin allergens including Can f 5, 
Can f 7 or Can f 8 induce strong T and B cell responses in mice, but 
this remains to be tested.

A goal of this study was to create a model in which to test the 
efficacy of recombinant dog allergens to modulate allergic immune 
responses, since extract-based immune therapies often contain 
varying levels of allergen content between different batches and 
suppliers.43 Prophylactic administration of recombinant Can f 1-2-
4-6 reduced AHR and the TH2 cell response, but had little impact 
on the TH17 cell response, suggesting that this recombinant protein 
may not effectively target TH17 cell-mediated neutrophilic inflam-
mation. Whether this recombinant multimeric protein can suppress 
allergic inflammation when administered post-sensitization will have 
to be assessed in subsequent studies.

In all, we present a model of airway inflammation with dog aller-
gen extracts that is characterized by a mixed TH2/TH17 cell-mediated 
airway inflammation and which may be useful in understanding adult-
onset asthma. We provide comprehensive gene and TCR profiling of T 
helper cells reacting to dog allergens in the airways and demonstrate 
that recombinant Can f family allergens have the capacity to reduce 
airway hyperresponsiveness and TH2 cytokine production.
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